alvei oxidized pyri~vate and acetate at a much higher rate in the absence of amino acids and related compounds than when these nutrients were exogenously supplied; in contrast, there was no appreciable increase in C-1 decarboxylation of pyruvate by B. lentitnorbits and B. popilliae. No nutrient effect was observed on succinate and glutamate oxidation in any of these four organisms.
Introduction
Previous studies show that metabolic changes occur in certain Bacillus species during transition from vegetative growth to sporulation (9, 10) . Elaboration of acetate-oxidizing systems is one event that correlates with this transition period (7). Organic acids that accumulate during growth are oxidized via the tricarboxylic acid (TCA) cycle. Apparently this cycle provides the energy necessary for subsequent biosynthesis and sporulation.
Earlier, we reported the pathways of carbohydrate catabolism in Bacillus thuringiensis, B. alvei, B. le~ztimorbus and B. popilliae (1). This work provided indirect evidence for TCA cycle activity in B. thuringiensis and B. alvei when these organisms were grown in a glucose -yeast extract medium; in contrast, B. Ientimorbus and B. popilliae did not exhibit TCA cycle activity. B. thuringiensis and B. alvei grow and sporulate in the medium that supports only vegetative growth of B. lentimorb~rs and B. popilliae. Because activation of the TCA cycle is considered necessary for sporulation in aerobic sporeforming bacteria, we wanted to determine whether its activation occurs in B. lentimorbus and B. popilliae.
By a radiorespirometric method we compared the kinetics of oxidation of pyruvic, acetic, suc-cinic, and glutamic acids in all four organisms. We obtained direct evidence that a TCA cycle operates in transitional cells of B. thuringiensis and B. alvei and that this cycle is lacking in B. lentimorbus and B. popilliae.
Materials and Methods

Organisms and Cr~ltural Conditiotrs
The organisms studied were obtained from the ARS Culture Collection: B. thuringiensis NRRL NRS-996, B. alvei NRRL B-384, B. lentimorbrts NRRL B-2522, and B. popilliae NRRL B-2309.
All organisms were cultured in liquid medium (designated MD) as described earlier (2). A 10% inoculum of cells previously transferred three times was used to obtain active growth. Flask cultures were aerated by rotary agitation of 250 rev/min at 2S°C. Cultures were examined every 2 h during a 72-h incubation. Appropriate cell dilutions of the culture at each sample time were spread on MD agar plates and incubated at 28°C for 3 to 7 days. The number of viable cells was calculated from a colony count; total cells and spores were determined from direct microscopic examination with a bacteria counter. Glucose utilization was determined (3) by measuring the amount of glucose present in the medium at each 2-h sampling; total acids were assayed by direct titration; pH was measured with a glass electrode.
Cells for radiorespirometric experiments were harvested by centrifugation at 4OC, washed three times in 0.05 M phosphate buffer (pH 7.4); the cells then were suspended without glucose in either MD medium or phosphate buffer at a concentration of 2-3 mg/ml (dry weight).
Radioactive Substrates
The following radiochemicals (all from New England Nuclear Corp.? Boston, Mass.) were used: pyruvic acid-I-, -2-,and -3-14C; acetic acid-1-and -2-14C; succinic acid-1,4-and -2,3-14C; glutamic acid-1-, -2-, -3,4-, and -5-14C.
Radiorespirometric Method
Radiorespirometric experiments, each done in triplicate. were performed as described earlier (1). Respirometer flasks, containing 60 to 90 mg of cell suspension, were incubated at 28OC in a modified Gilson differential respirometer. A specifically labeled substrate (0.25 pcurie) was added from a sidearm on each flask; final volume was 30 ml. For all experiments, each flask contained 0.5-1 mg of radioactive substrate. Flasks were shaken while air was passed through at a rate of 60 cc/min. Cultures were incubated 60 min before addition of substrate to decrease endogenous metabolism. Respiratory "C02 was trapped in 10 ml of a mixture of absolute ethyl alcohol and monoethanolamine (2:1, v/v); the ethyl alcohol -ethanolamine trapping solution was removed and replenished at hourly intervals.
Trapping solutions containing 14C02 were adjusted to 15 ml with absolute ethyl alcohol; a 5-ml portion of each was mixed with 10ml of toluene containing 6 mg/ml 2,5-diphenyloxazole (PPO) and 0.1 mg/ml of 1,4-bis-2-(5-phenyloxazoly1)-benzene (POPOP). The mixtures were placed into scintillation vials, and radioactivity was measured at balance point conditions with an automatic 
---liquid scintillation spectrometer. Standard deviation of radioactive measurements was no greater than 2%.
At the end of each experiment, the culture flasks were chilled and cells were separated by centrifugation at 4°C. Cells were homogenized in NCS solubilizer (Amenham/ Searle Corp., Des Plaines, Ill.), incubated at 37°C for 12 h, and counted in a scintillation cocktail containing (v /v): toluene/PPO/POPOP-Triton X-l o@-et hyl alcohol (8:4:3). Samples of both the spent MD medium and phosphate buffer also were counted in this scintillation mixture. Counting efficiency for each sample was determined by appropriate internal standards.
Results
Radiorespirometric patterns for oxidation of pyruvate, acetate, succinate, and glutamate by B. thuringiensis and B. alvei in MD medium are presented in Figs. 1 and 2. Isotope recoveries from oxidation of the labeled substrates in respired C02, cells, and incubation media were obtained at the end of each experiment ( Table 1 ).
The differential rates of C 0 2 evolution from pyruvate are C-1 >C-2 > C-3; from acetate, C-1 > C-2. When pyruvate is oxidized by the TCA cycle, C-1 appears first as C 0 2 during formation of acetyl-coenzyme A (CoA). C-2 is then decarboxylated followed by C-3. When specif-Only C-1 of pyruvate was evolved by B. lenically labeled acetate is utilized via TCA cycle timorbus and B. popilliae (see Table 1 ). reactions, C-1 is preferentially oxidized to C 0 2
The preferential decarboxylation of C-1 and over C-2. The carboxyl group of acetate (C-1) is C-4 over C-2 and C-3 of succinate by B. thurinequivalent to the carbonyl group of pyruvate giensis and B. alvei (Figs. 1 and 2) is consistent (C-2) and the methyl group of acetate (C-2) cor-with operation of the TCA cycle. If succinate is responds to the methyl group of pyruvate (C-3). oxidized by the cycle, C-1 and C-4 are liberated (Figs. 1 and 2) are confirmatory for operation of a TCA cycle in these organisms. If glutamate is deaminated to a-ketoglutarate, sequential degradation of the latter compound via the TCA cycle should theoretically produce a C 0 2 evolution pattern C-1 > C-2 = C-5 > C-3,4. This pattern is expected because C-1 is decarboxylated first during succinyl-CoA formation. C-2 and C-5 then become terminal carboxyl carbons of the symmetrical succinate molecule whereas C-3 and C-4 are equivalent to C-2 and C-3 of succinate. Since C-2 of glutamate was evolved at a higher rate than C-5 from B. tliuringietzsis and B. alvei, a bias for C-2 decarboxylation is indicated by both bacteria. No 14CO2 was evolved from B. lentimorbus in the presence of specifically labeled glutamate; a small amount of C-1 was recovered as C 0 2 from B. popilliae (Table 1) .
In a previous study (I), we observed that vegetative cells of B. thuringiensis and B. alvei assimilate glucose rapidly in MD medium and, upon exhaustion of the glucose, exhibit a depletion phase in which 14CO2 evolution from specifically labeled glucose follows the order C-2 > C-6 > C-1 > C-4 > C-3. This order occurred because intermediates from glucose catabolism probably were oxidized by TCA cycle reactions. B.lentimorb~rs and B. popilliae exhibited no depletion phase because intermediates of glucose catabolism either were concentrated within the cells or were used for biosynthetic purposes and not oxidized by the TCA cycle.
In this study, all experiments were performed with B. tlzuringiensis and B. alvei cells that were in transition from vegetative growth to sporulation; the cells were harvested from cultures at the end of exponential growth (To: 20 and 16 h, respectively). At To, glucose is exhausted from the M D medium; thereafter, the pH increases because the organic acids that accumulate from glucose catabolism are consumed. The radiorespirometric patterns reveal that acetate-oxidizing systems were present in B. thuringiensis and B. alvei. In contrast, such systems were not present in B. lentitnorbus and B. popilliae at To. Cells of the latter two organisms did not undergo transition from vegetative growth to sporulation but quickly lost viability as glucose was exhausted from the medium. There was no utilization of organic acids and no concomitant rise in pH. (Figs.  1 4 ) . However, these substrates were oxidized more rapidly by both bacteria in phosphate buffer than in M D medium.
Continuous formation of four-carbon compounds is required for the cycle to remain operative in an organism utilizing either pyruvate or acetate as a sole carbon source. The fourcarbon intermediates of the TCA cycle normally drained from the cycle for amino acid synthesis are replenished either by the glyoxylate cycle or by C 0 2 fixation involving three-carbon compounds. If acetate is the sole carbon source, the glyoxylate cycle is necessary to furnish fourcarbon molecules, but no decarboxylation occurs and no C 0 2 evolves if the glyoxylate cycle alone is operating. Therefore, rapid evolution of 14C02 from specifically labeled acetate indicates concurrent operation of the glyoxylate and TCA cycles in B. thrtringiensis and B. alvei. Oxidation of pyruvate to C 0 2 by B. lentinzorbus and B. popilliae again involved only C-1, not C-2 and C-3 (Fig. 5) . No C 0 2 was evolved from acetate (Table 2) .
C 0 2 evolution patterns of succinate and glutamate oxidation in phosphate buffer for B. thuringiensis and B. alvei were similar to those in M D medium (Figs. 1 4 ) . Oxidation rates of both substrates were only slightly higher in the phosphate buffer medium than in the M D medium. Interestingly, after the third hour of incubation, C-2,3 of succinate appeared as C 0 2 at a higher rate than C-1,4. Probably, the higher rate results because C-2 and C-3 are incorporated into intermediates for biosynthetic purposes. Upon exhaustion of available succinate, these intermediates were oxidized by TCA cycle reactions to give a reversed order of 14C02 production. Neither B. lentimorbus nor B. popilliae fully oxidized succinate and glutamate in phosphate buffer. Only 6% C 0 2 as C-1 of glutamate was evolved from B. popilliae; no C 0 2 was produced by B. lentimorbus (Table 2) . A larger amount of 14C was retained by cells of B. lentimorbus and B. popilliae in the absence of nutrients than in the M D medium (Tables 1 and 2 Previous workers (4, 5, 8) with other sporeformers showed that the inability to sporulate may be caused by an interruption in the physiological events before sporulation. This disturbance probably results from a loss of TCA cycle activity. During the transition from growth to sporulation, enzymes of the TCA cycle are synthesized. Pyruvic and acetic acids that accumulate during vegetative growth are oxidized in the early stages of the sporulationprocess (5). If the systems that oxidize these compounds are not elaborated, sporulation may be excluded.
The radiorespirometric patterns of C 0 2 evolution for B. fhuringietrsis and B. alvei reflect the metabolic activity in cells undergoing transition from vegetative growth to sporulation. Obviously systems capable of oxidizing pyruvate and acetate to C 0 2 are present. The rate at which the substrates are oxidized by these organisms is markedly affected by nutritional conditions. However, a comparable effect is less pronounced when succinate or glutamate oxidation is examined. In the presence of readily available carbon sources, 14C02 production from pyruvate and acetate is retarded; retention of 14C within the cells is concomitant and may reflect enhanced biosynthetic activity. In this event, fewer carbon atoms would be immediately available for energy metabolism. In addition, four-and five-carbon compounds, such as a-ketoglutarate and glutamate, present in the M D medium may partially repress enzymes of the anabolic reactions of the TCA cycle (6). Because such compounds are required for continued operation of this cycle, the ratio of two-and four-carbon molecules is critical. A mechanism to form four-carbon compounds becomes necessary if they are not supplied exogenously. Presumably, this mechanism is the glyoxylate cycle.
Activation of acetate-oxidizing systems associated with sporulation does not occur in B.
[entimorbus and B. popilliae when these organisms are grown in M D medium. Therefore, no energy for sporulation is derived from a TCA cycle. Some organisms sporulate with energy generated from oxidation of amino acids; apparently this situation is not true for B. lentirnorbus and B. popilliae. Neither organism fully oxidized pyruvate, acetate, succinate, and glutamate in the absence of amino acids and related compounds. Interestingly, B. popilliae decarboxylated C-1 of pyruvate and glutamate; B. lentimorbus, C-1 of pyruvate only. These is not clearly understood, but the reactions may indicate their ability to form acetyl-or succinylCoA for fatty acid synthesis. The fatty acid composition of B. lentimorbus and B. popilliae is similar to that of other aerobic sporeforming bacteria (2) . Not yet determined is whether fi~nctional TCA cycle enzymes of B. Ientimorbus and B. popilliae exist but remain inactive after glucose is exhausted from the M D medium. Certainly, there is no acetate oxidation by cells incubated in either M D or phosphate buffer medium. Similar results were obtained with other strains of B. popilliae (B-2309M and B-2309N) that do not sporulate in the M D medium.
